Several recent studies have shown that phytoplankton growth rate and production at 0", 14O"W is physiologically limited by iron. Therefore, changes in iron supply to the euphotic zone will result in variations in phytoplankton growth. We show that the flux of iron to this region is dominated by upwelling of the iron-rich Equatorial Undercurrent waters. Variations in the depth and strength of upwelling and changes in iron concentrations at the base of the euphotic zone will account for variations in primary and new production in this region.
The concept of new production as described by Dugdale and Goering (1967) is based on the idea that the input of upwelled and incorporated new nitrate is quantitatively equivalent, at steady state, to the export of biologically incorporated nitrogen. An increase in biomass or biological export must be balanced by an identical flux of nitrate into the euphotic zone. As much as 20% of the ocean surface area contains high levels of nitrate in the euphotic zone but relatively low amounts of chlorophyll (Martin 1990) . In these areas the nature of phytoplankton limitation is currently under debate (Chisolm and Morel 1991) . Recently, it has been shown that availability of iron can limit production in these areas (Martin and Fitzwater 1988; Martin et al. 1989 Martin et al. , 1994 . Additionally, Price et al. (1994) have concluded that iron ultimately regulates new production in the equatorial Pacific Ocean. Therefore, the supply of new iron to the euphotic zone may be a more relevant control of new production in these areas than upwelled nitrate.
New iron may be supplied to the euphotic zone from advective and diffusive processes within the ocean as well as by atmospheric deposition of particulate matter to the ocean surface. The atmospheric deposition of iron to the surface waters of the eastern equatorial Pacific is less than 0.05 kmol Fe m-* d-l, only a fraction of which will dissolve in seawater (Duce and Tindale 1991) . This amount of aeolian iron is not thought to be sufficient to support observed levels of primary production in the eastern Pacific equatorial regions that exhibit a distinct meridional maximum (Chavez et al. 1990 ). This area is characterized by strong, wind-induced horizontal divergence, however, and the resulting vertical advection may supply the necessary iron to the phytoplankton community. However, no measurements of iron concentrations have yet been reported from this region, which would substantiate this conclusion. The region of strong upwelling appears to be closely restricted to an area 20 km wide at the equator (Poulain 1993) .
Dissolved and particulate concentrations of iron have been shown to be quite low in the euphotic zone of the North Pacific oligotrophic and eastern equatorial Pacific waters (Martin and Gordon 1988; Bruland et al. 1991; Martin 1992) . Values are typically CO.1 nmol Fe kg-' for the dissolved phase and about 0.2 nmol Fe kg-' in the particulate phase in the euphotic zone. Growth of phytoplankton in bottle experiments is limited at these iron concentrations (Martin et al. 199 1; Coale 199 1; Johnson et al. 1994) . Dissolved iron shows a nutrient-like vertical profile with concentration increasing with depth. Iron concentrations are typically >0.5 nmol kg-' at depths below 1,000 m (Martin and Gordon 1988; Bruland et al. 1991) . Thus, it is apparent that upwelling of deep water can serve as an iron source to the euphotic zone.
In this study the hypothesis is examined that upwelled iron at the equator is sufficient to support the phytoplankton biomass and primary production maximum observed in the eastern equatorial Pacific. By using the approach of Coale et al. (1996a) we present the vertical distributions of iron in this area obtained during the July 1990 FeLine as well as JGOFS-EqPac Time Series I and II cruises during MarchApril and October 1992. Vertical gradients in iron concentration are coupled with rates of equatorial upwelling to derive estimates of the flux of iron to the surface waters. These results, together with estimates of carbon-to-iron ratios, are used to estimate new production based on iron as the limiting nutrient.
Methods and materials
Seawater samples were collected during the July 1990 FeLine cruise on the RV Wecoma as well as March-April and October 1992 during the JGOFS-EqPac Time Series I and II cruises on the RV Thomas Thompson. The FeLine study occupied stations along 14O"W at 9"N, 6"N, 3"N, O", and 3"s. The JGOFS-EqPac cruises both occupied a single station at O", 14O"W. Samples were collected with Tefloncoated 30-liter Go-F10 bottles suspended on nonmetallic Kevlar line. The Go-F10 bottles were soaked in dilute acids for several weeks before the cruises and they were covered with plastic bags at all times except during deployment and recovery operations. Water was drained from the bottles through a Teflon stopcock and polyethylene tubing into the Moss Landing Marine Laboratories (MLML) trace metal clean van under low pressure with filtered nitrogen gas. Inside the van, sample water was filtered through tared, acidwashed, 142 mm, 0.4-pm Nuclepore polycarbonate membrane filters mounted in Teflon sandwiches. At no time was the water sample exposed to air during the filtering operation.
Dissolved samples (operationally defined as that fraction which passed through the 0.4-p,m filter) were collected in acid-cleaned low-density polyethylene containers and acidified to pH <2 with 4 ml of quartz-distilled HCl per liter. Dissolved iron was preconcentrated by an APDC-DDDC liquid-liquid organic extraction (Bruland et al. 1979 ) into chloroform with the back extraction step eliminated to reduce the blank value. Procedural blanks were 0.016 + 0.004, 0.020 + 0.004, and 0.018 + 0.004 (mean + 1 SD) total nanomoles iron in the concentrated extract for the Feline, EqPac Time Series I, and EqPac Time Series II cruises, respectively. This yielded a detection limit of 0.03 nmol Fe kg-' based on twice the standard deviation of the blank and a 250-ml sample volume. Dissolved manganese was preconcentrated with Chelex 100 ion-exchange resin columns at a pH of 8 and a flow rate of 1.5-2.0 ml min ' (Bruland et al. 1979) . The columns were eluted with quartz-distilled HNO, after a rinse with 1 M ammonium acetate to remove major ions (Kingston et al. 1978 ). Manganese was not detectable in the eluate of blank columns and was CO.2 total nanomoles.
Particulate aluminum and iron were digested with 6 N HCl, concentrated HNO,, and concentrated HF in a Teflon bomb in a boiling water bath for a total of 3 h (Eggiman and Betzer 1976) . Detection limits were 0.03 nmol Al kg 1 based on a filtered sample volume of 55 liters. The detection limit for ii-on was 0.03 and 0.01 nmol kg-' for the FeLine and EqPac cruises, respectively.
All water collection and sample preparation was performed in MLML trace metal clean rooms with all plastic laminar flow hoods or clean benches of class 100 or better. All analyses were conducted with a Perkin-Elmer Zeeman 5000 atomic absorption spectrophotometer coupled to an HGA 500 graphite furnace.
Results and discussion
Hydrographic conditions-A contour plot of temperature along the 14O"W FeLine transect in July 1990 from 9"N to 3'S is shown in Fig. 1 . The surface temperature of 27.O"C at the equator was about half a degree warmer than the climatological mean (Chavez et al. 1990 ). The sea surface temperatures on the EqPac cruises in 1992 were warmer during Time Series I and cooler on Time Series II at 28.3-29.O"C and 24.5-25.7"C, respectively, during the period that trace element sa.mples were collected. Thus, the EqPac Time Series I sampling occurred during the warm period of the El Nifio-Southern Oscillation (ENSO) and the Time Series II sampling occurred during the anomalously cool La Nina period (Murray et al. 1995) . Additionally, wind velocity was much greater during the Time Series II cruise compared to Time Series I, with average speeds of -7 and 4 m s-l, respectively (Kessler and McPhaden 1995 also supported by surface nitrate values that were -3 PM during the Time Series I cruise, >5 FM on the FeLine cruise, and -6 p,M during the Time Series II cruise. Murray et al. (1994 Murray et al. ( , 1995 summarized the physical and biological conditions during the EqPac cruises.
Iron, aluminum, and manganese distributions-The distribution of dissolved iron along the 14O"W FeLine transect to a depth of 250 m is shown in Fig. 2a (modified from Coale et al. 1996a) . Surface iron concentrations are depleted and are generally -0.05 nmol Fe kg-' in the upper 100 m throughout the section. Thus, dissolved iron concentrations appear to be depleted nearly uniformly whether in the North Equatorial Countercurrent (north of about 4"N), the Intertropical Convergence Zone, or the equatorial upwelling zone. At the equator, iron contours shoal in response to strong vertical advection. The depression of these isopleths at about 3"N and 3"s corresponds to regions associated with downwelling. There also may be a peak in concentration at -200 m depth at O", although the data are scant. These data are all consistent with previous oceanic iron profiles that typically show a nutrient type distribution with extremely low surface values (Martin and Gordon 1988; Martin et al. 1989; Bruland et al. 1994 ).
The corresponding total particulate iron section observed on the FeLine transect is presented in Fig. 2b . Particulate iron values lie in the 0.1-0.5 nmol Fe kg-l range. These values are similar to those found by Landing and Bruland (1987) in the same general area. The primary feature of this cross section is a concentration peak in the 150-200-mdepth range at the equator.
Profiles of dissolved and total particulate iron in the upper water column at the equator for all cruises are shown in Fig.  3 . Dissolved iron is depleted in the upper water column (20-100 m) in all profiles with values of 0.05 nmol Fe kg-' or less. Particulate iron is also quite low in this zone with values in the 0.1 nmol Fe kg-' range. Below this region, in the vicinity of the Equatorial Undercurrent (-150-200 m) , both the particulate and dissolved iron concentrations are elevated. The dissolved iron peak appears slightly deeper than the particulate peak on the FeLine (Fig. 3a) and the EqPac Time Series II profile (Fig. 3d) . However, the dissolved and particulate iron maxima are coincident during Eqpac Time Series I (Fig. 3b,c) , which display the sharpest peaks. Both the dissolved and particulate peaks appear reduced in the EqPac Time Series II data, although overall concentrations are similar to the other profiles. Both the variations in peak magnitude and depth for dissolved and particulate iron may be the result of changes in the rate and depth of upwelling and strength of the Equatorial Undercurrent. Variation in ironscavenging rates (Bruland and Coale 1986; Landing and Bruland 1987) as well as biological uptake, regeneration, and recycling processes (Hutchins et al. 1993 ) due to physical forcing may also account for some of the differences between the dissolved and particulate iron profiles.
There is a peak in particulate aluminum that coincides with that observed for particulate iron. This maximum is evident in the section of particulate aluminum (Fig. 4) along the FeLine transect from Coale et al. (1996a) and suggests that this particulate matter may be lithogenic in origin (Coale et al. 1996a) . Particles are enriched in iron at this depth range (150-200 m) with Fe : Al ratios ranging from 0.45 to 0.59 for FeLine, 0.45 to 0.94 during EqPac Time Series I, and 0.86 to 1.05 on EqPac Time Series II. These enrichments compare to a crustal abundance ratio of 0.21 (Taylor and McLennan 1985) . The idea that aluminum is predominantly associated with lithogenic particulate matter rather than biogenic particles may not always hold true in equatorial waters (Murray et al. 1993 ). However, both particulate iron and aluminum maxima observed during the FeLine and EqPac Time Series cruises seem be associated with the Equatorial Undercurrent and thus could be indicative of long-range horizontal advection of terrigenous material. This material could originate near the source of the Equatorial Undercurrent in and around the coastal areas of Papua New Guinea (LindStrom et al. 1987; Tsuchiya et al. 1989; Butt and Lindstrom 1994) . Tsuchiya et al. (1989) indicated that most of the water in the Equatorial Undercurrent, where it originates north of Papua New Guinea, derives from the New Guinea Coastal Undercurrent. The New Guinea Coastal Undercurrent persists year round and transports water from the Solomon Sea through the Vitaz Strait. The magnitude of this transport is on the same order as that of the Equatorial Undercurrent at 143"E (Tsuchiya et al. 1989 ). There have been several reports of volcanism and shallow hydrothermal venting in this area in association with iron-rich solutions and sediments (Exon and Cronan 1983; Herzig et al. 1994) . These hydrothermal fluids and particulate matter may serve as a potential source for the particulate trace element maxima associated with the Equatorial Undercurrent at 14O"W.
Further evidence supporting the possible hydrothermal venting source for the trace element maxima in the Equatorial Undercurrent is provided by manganese distributions observed at O", 14O"W. Manganese is a well-known tracer of hydrothermal fluid venting into the ocean (Bolger et al. 1978; Klinkhammer et al. 1985; Coale et al. 1991) . A particulate manganese peak that parallels the iron and aluminum maxima is very distinct in both the FeLine transect (Figs. 5b and 6alI and the EqPac Time Series profiles ( Fig. 6b-d ). Particulate manganese has been shown to billow upward hundreds of meters as hydrothermal fluid is released from the vents on the ocean bottom (Lupton et al. 1980) . Bolger et al. (1978) found large excesses of manganese up to 600 m off the bottom near venting zones. Exon and Cronan (1983) documented several volcanos and hydrothermal vent- ing areas in Vanuatu (southeast of Papua New Guinea) that were quite shallow, ranging in depth from 0 to 500 m. Hydrothermal venting fluids may form precipitates upon discharge into seawater (Nelson et al. 1987) . Evidence suggests that the precipitates that are formed in the discharged hydrothermal fluids are small and amorphous with long residence times (Bolger et al. 1978 ) that may be transported thousands of kilometers in deeper water (Edmond et al. 1982) . Thus, the potential exists for hydrothermal precipitates to be transported over large distances especially in high-velocity currents. If a high load of particulate matter is entrained into the Equatorial Undercurrent in this area, it would have to travel -6,500 km. Assuming an average speed of 100 cm s-l (Halpern et al. 1988 ) it would have been entrained for -75 d when it arrived at 14O"W. Thus, the evidence suggests that this area has the potential to supply Equatorial Undercurrent source waters with particulate matter containing very high levels of iron, aluminum, and manganese.
There is no evidence of a peak in dissolved manganese at O", 14O"W ( Fig. 5a ) that corresponds to the particulate manganese maximum. In fact, levels decrease more rapidly with depth at the equator than to the north or south due to the upwelling of deeper waters of lower concentration. The data indicate that dissolved iron and manganese are cycled independently in this system.
Iron and nitrate Jluxes-Using the approach of Coale et al. (1996a) , we estimated the supply of new iron into the euphotic zone at the equator with a simple one-dimensional model that was applied to the dissolved Fe distributions such that
where JFE is the vertical flux of iron (nmol m-* d-l), [Fe] , is the concentration of dissolved iron (nmol mm3), dFe,/dz is the gradient in dissolved iron with depth (nmol m-4), w is Additionally, atmospheric input fluxes were estimated and included as part of the total flux of iron into the euphotic zone. Horizontal advective and diffusive input fluxes were not assessed. The fluxes calculated from this model merely indicate the amounts of iron that would be available for phytoplankton uptake in the immediate vicinity of the equator.
Equatorial upwelling rates were taken from Gargett (1991) by using estimates from Bryden and Brady (1985) . An empirical fit to the vertical profile of the upwelling rate resulted in the equation, w ( 10F5 cm set-') = (a + c X 2 + e X 2* + g X Z)/(l + b X 2 + d X 2* + f X Z3) (where a = -0.0417, b = -0.0221, c = 3.227, d = 0.000273, e = -0.0111, f = -0.000000636, g = -0.0000343, and 2 = depth in meters). Another curve was fitted to the combined vertical profiles of the FeLine and EqPac dissolved iron data (Fig. 7) . The surface-dissolved concentrations that were below the detection limit (0.03 nmol Fe kg .I) were taken to be 0.026 nmol Fe kg-' for the purposes of this model so that there would be no negative fluxes in the upper water column. These two equations allowed the vertical advective flux of iron to be computed throughout the upper water column. The result is shown in Fig. 8 are not cumulative but show only the amount of iron that would be upwelled into the overlying water column at each depth interval. Below 185 m the fluxes become negative. The base of the euphotic zone was taken to be 120 m, as this was about the 0.1% light level on the Feline and EqPac Time Series (Murray et al. 1994 ) cruises at O", 14O"W. Therefore 120 nmol Fe m-* d-l would be upwelled into the photic zone from this depth. The variability in observed iron concentrations at 125 m (excluding the value below the detection limit) is used to estimate variability in iron concentrations at 120 m. The iron concentration at 120 m is then 0.098 + 0.028 nmol Fe kg-', which results in an iron flux range of 86-155 nmol Fe m-* d-l (Table 1) . At this depth diffusivity is low and the coefficient Kz = 10 6 m* s-l or 0.086 m* d-l was used (Peters et al. 1988 ). This value in combination with the dissolved iron gradient gives a diffusive flux of 0.2 nmol Fe m-* d-.' at 120 m depth (Table l) , which is 0.3% or less of the upwelled iron flux.
There arle few or no direct data concerning the atmospheric input of iron to the ocean surface at the equator. (Table 1) . Atmospheric iron is solubilized very rapidly-on the order of minutes (Zhuang et al. 1990 )-and thus is readily available for uptake by the phytoplankton. The atmospheric flux ranges from 3 to 29% of the upwelling flux of iron into the photic zone.
It was assumed that all of this iron is dissolved and available for uptake by the phytoplankton. This assumption may not be true if a substantial fraction of the filterable (<0.4-pm) iron is colloidal, as in coastal waters (Lewin and Chen 1973; Wells and Mayer 1991) . Recent work indicates that colloidal iron may constitute >50% 0.f 0.4~ym filtered dissolved iron in this region (Wells and Bruland unpubl. data) . Powell and Landing (unpubl. data) found that >90% of the dissolved iron is colloidal following a dust deposition event near Bermuda. It is not yet clear how much of this filterable iron would be immediately available for uptake, as iron colloids require solubilization before they become available to Iron (nmol Fe md2 d-') and nitrate (nmol N m * d-l) fluxes were calculated from a simple one-dimensional model. Upwelling at 120 m was determined to be 1.23 m d-l from Gargett (1991) after Bryden and Brady (1985) . Iron (98 -+ 28 nmol m-?) and nitrate (12.6 k 0.3 nmol m-") concentrations at 120 m were determined from equations fitted to the rctrospcctive data. A diffusion coefficient of 0.086 m-* d--l at 120 m was used (Peters et al. 1988 ). The iron concentration gradient was dctcrmined to be 2.4 nmol In--". The nitrate gradient was 0.09 mmol m 'I. New production (mmol C m 2 d I) was cstimatcd by converting iron or nitrate flux into the carbon flux with 1 OO,OOO-500,000 C : 1 Fc and 6.6 C : 1 N. rcspcctivcly. These are potential new production estimates based on total nutrient (iron or nitrate) consumption. Modified from Coale et al. (1996~).
phytoplankton (Rich and Morel 1990) . Photoreduction has been shown to be one mechanism that may provide soluble iron to the phytoplankton from colloidal material (Wells and Mayer 199 1; Johnson et al. 1994) . It has also recently been found that 99.97% of dissolved iron in the surface waters of the central North Pacific is bound by natural organic ligands (Rue and Bruland 1995) . The evidence, based on the extremely low concentration of the inorganic iron species, indicates that at least some portion of the organically bound iron must be accessible to the phytoplankton. The question as to whether all the chelated forms of iron are available remains to be answered. It should be noted that new iron inputs into the euphotic zone that are inaccessible to the phytoplankton will reduce the estimates of iron-based new production. Additionally, components of the phytoplankton that are not contributors to production such as heterotrophic bacteria, ciliates, and flagellates may further reduce the amount of iron available for the primary producers. Thus, the potential iron-based new production that is estimated in this model represents a maximum value that assumes all new iron is available and used for production.
The above model can also be applied to the observed nitrate concentrations at the equator in a manner similar to that in which Chavez et al. (Table 1) . Chai et al. (1996) have determined, with a modified ocean general circulation model, that about half of the upwelled nitrate at the equator is removed to the east by zonal advection. Meridional losses are near zero when vertically integrated from 0 to 120 m depth. Presumably, a similar scenario would also be the case for upwelled iron. The fluxes calculated here for iron and nitrate are only used to indicate the relative potential of each nutrient to produce carbon at the equator. The diffusive flux of nitrate is very low at only 0.008 mmol m-* d-l or -0.05% of the upwelling flux. Atmospheric nitrogen input is estimated from Duce (1986) Table 1. C: Fe ratios and new production-To convert the fluxes determined with the physical model and iron distributions into carbon equivalents, an appropriate C : Fe ratio must be used. Estimates of this ratio have varied widely. Anderson and Morel (1982) and Morel and Hudson (1985) have estimated minimum C : Fe ratios of -lO,OOO-150,000 : 1 based on laboratory uptake experiments. Others have estimated ratios on the order of 30,000-50,000 C : 1 Fe (Martin et al. 1989; Bruland et al. 1991 ) based primarily on dissolved and particulate (including plankton) iron concentrations in the water column. However, attempts to determine C : Fe ratios with particulate iron and particulate organic carbon (POC) concentrations are not reliable due to the uncertainty concerning the fraction of iron in the particulate matter that is associated ~with the phytoplankton. There is also the uncertainty in the magnitude of the detrital and other nonphytoplankton carbon component in POC. More recently Morel et al. (1991) and Sunda et al. (1991) have estimated ratios of 167,000 : 1 and 500,000 : 1, respectively, for some oceanic phytoplankton species. However, there are many phytoplankton groups whose iron growth requirements remain completely unknown. Geider and LaRoche (1994) and Wells et al. (1995) have recently summarized the data on C : Fe ratios in phytoplankton.
Theoretically, a C : Fe ratio could be calculated from primary production measurements (14C uptake rate) and iron uptake rates at the same location. Price et al. (1994) has shown that uptake rates of picomolar iron additions by the phytoplankton community at O", 14O"W follow MichaelisMenten kinetics. With a mean dissolved iron concentration of 49 pmo:l kg-' in the upper 120 m measured during our study, the rate of iron uptake is 5 pmol liter-' h-l based on the results from Price et al. (1994) . Carbon incorporation rates from primary production were -110 mmol C m-* d-l during the EqPac Time Series I and II cruises (Murray et al. 1994) . The ratio of these rates yields C : Fe ratios in the 7,000-8,000 range. Similar ratios are obtained if chlorophyll-specific uptake rates are used. Even if the maximum production in the water column is used, ratios only double to about 16,000 C : 1 Fe. These ratios are quite low, especially for, this region (Wells et al. 1995) . Price et al. (1994) determined iron uptake rates with very small additions of iron. However, the smallest addition of 60 pM in their experiment still represented an increase of more than twice the ambient iron concentration. Therefore, their iron incorporation rates may reflect luxury uptake of iron such that the cells will be able to divide several times without the need for more iron, thus keeping the apparent C : Fe ratio low.
Another possible method to obtain the community C : Fe ratio would be to compare new and regenerated sources of iron to the primary production measurement. Hutchins et al. (1993) demonstrated a rapid cycling of iron among phytoplankton groups. Turnover rates of iron occur on the order of l-2 d. A turnover time of 1.5 d and a dissolved iron concentration of 49 nmol Fe m-" (120 m average) yields 33 nmol Fe rn3 d I that would need to be incorporated by the phytoplankton in order to maintain steady state. This represents uptake of both new and regenerated sources of iron. Therefore, only -3% of the iron incorporated by the phytoplankton is new iron based on the upwelling flux of iron into the upper 120 m ( Table 1) . The above iron incorporation rate compared to integrated primary production rate of 110 mmol C m-* d--l yields a C : Fe ratio of -28,000. This ratio also seems to be quite a low number for this region.
Due to the variability in the C : Fe ratios outlined above, a range of values is used to calculate potential iron-based new production. Experimental evidence indicates that the range of values for open ocean phytoplankton is generally between 100,000 and 500,000 C : 1 Fe (Geider and LaRoche 1994) . Application of this range of ratios to the iron fluxes in Table 1 , and assuming that all the new iron is consumed by the phytoplankton, yields a new production rate of 9-78 mmol C m-* d-l at the equator (Table 1 ). This rate of new production will balance the input of iron into the photic zone at the equator and result in near total depletion of the dissolved iron in the surface water. However, the biogenic particles that are produced in the surface waters may then be rapidly transported north and south in the equatorial divergence. The surface water that is depleted in dissolved iron may then be downwelled into the shallow meridional recirculation cell north and south of the equator that would return low-iron water back into the upwelling regime at depths of 50-150 m (Toggweiler and Carson 1995) .
The iron-based new production values result in&ratios of 0.08-0.71 from the average 14C production during the EqPac time series cruises (Murray et al. 1994) . Dugdale et al. ( 1992) reported an f-ratio of 0.17 for the equatorial region at 15O"W with direct lsN and 14C methods. Similarly, McCarthy et al. (1996) found f-ratios of 0.10-o. 13 during the EqPac process study cruises that immediately preceded the time series studies. Murray et al. (1989) found f-ratios of 0.1-0.3 that were determined by a variety of methods in the equatorial Pacific east of the Galapagos Islands. These previous results from the equatorial Pacific suggest that the iron-based f-ratio is probably at the lower end of the calculated range and that the community C : Fe ratio may also be at the lower end of the lOO,OOO-500,000 range. A lower f-ratio implies that recycled iron is very important to the equatorial phytoplankton community. Hutchins et al. (1993) has shown biological recycling to be much more important in an area of low iron concentration at 5'S, 138"W compared to a coastal regime.
The dissolved iron turnover time in the water column at the equatorial station can be obtained from the average concentration of 49 nmol Fe m-3 in the 120-m water column and the upwelled iron flux at 120 m of 120 nmol Fe m-* d-l. These values result in a dissolved iron turnover time of 49 d. A turnover time of this magnitude does not necessarily indicate that the iron will be advected away from the equator before it will be used by the phytoplankton. The iron upwelled from 120 m into the photic zone would take about this much time to reach a depth of 50 m at an average rate of upwelling of 1.5 m d-l. However, there is undoubtedly some unused iron that is advected north and south of the equator, particularly that from atmospheric input that is not completely bioavailable. A turnover time within the biological pool of 7 h calculated by Price et al. (1994) at O", 14O"W and a water-column iron turnover time of 49 d indicate iron would be cycled through the biological pool on the order of 169 times before removal. Removal of iron from the photic zone will probably occur at some distance, both zonally and meridionally, from the area in which it was first upwelled.
The importance of recycled iron to the equatorial phytoplankton community can also be seen in the iron flux gradient. There is a distinct decrease in upwelled iron fluxes between -20 and 130 m (Fig. 8) . Under steady-state conditions, this requires that there is a net removal of iron in this region to balance the upwelling input at 130 m. is far greater than the rate of removal. The maximal uptake rate of equatorial Pacific phytoplankton measured by Price et al. (1994) is 173 nmol iron m-3 d-l from the average chlorophyll values during the EqPac Time Series I and II cruises (Murray et al. 1994 ). These uptake rates include both new and regenerated iron. Thus, the incorporation of iron into equatorial phytoplankton is from 1 to 24% new iron depending on the uptake rate. This range encompasses the 3% value determined with the turnover rates of iron calculated above. It is apparent that equatorial phytoplankton can easily incorporate all the new iron that is supplied into the photic zone, leaving little dissolved iron to be advected from surface waters to the north or south. Mixing of low iron water from the near-surface meridional recirculation cell (Toggweiler and Carson 1995) back into the upwelling regime would also tend to decrease the overall concentration of dissolved iron at the equator. However, this should be true throughout the upper water column. Thus, it is apparent that recycling of iron can be very important in the equatorial Pacific.
The recycling and remineralization of iron in the equatorial Pacific is intimately tied to grazing consumption of the phytoplankton biomass, especially by microzooplankton (Landry et al. 1997 ). Hutchins and Bruland (1994) demonstrated that grazer-facilitated regeneration and recycling of iron proceeds in the same manner as major nutrient recycling. Both zooplankton and protozoan grazers were found to be important in the rapid remineralization and recycling of iron from phytoplankton and bacteria. Additionally, they found iron to be incorporated into metazoan grazers from both phytoplankton and protozoan prey. Barbeau et al. (1996) recently demonstrated that heterotrophic nanoprotozoans can increase the bioavailability of iron from colloidal material. The protozoans mediated this transformation of colloidal-sized material within their low pH and enzyme-rich food vacuole. Preliminary calculations by Barbeau et al. (1996) indicated that protozoan grazing is of the same order of magnitude as photoreduction in increasing iron availability to phytoplankton when considering the entire euphotic zone. Thus, grazers reduce phytoplankton biomass in the feeding process, but they also promote and sustain phytoplankton growth by making iron available in the recycling and remineralization process (Landry et al. 1997) .
Below 130 m, the fluxes of iron decrease until they become near zero at 180 m. Therefore, there must be a source of dissolved iron in this region in order to maintain steady state. There is a net supply of 2.1 nmol Fe mm3 d-l into this region. As with the upper water column, this source could arise from advective processes and regeneration of iron. The source is clearly dominated by zonal advection in association with the Equatorial Undercurrent with both dissolved and particulate iron increasing in this depth range.
The nitrate fluxes in Table 1 can also be used to estimate nitrate-based potential new production at the equator with the Redfield ratio of 6.6 C : 1 N. In this case potential new production is calculated to be 99-106 mmol C m-* d-l assuming all of the nitrate is consumed. The potential ironbased new production is much less than the potential nitratebased new production (Table 1) . Iron is depleted long before nitrate, resulting in an iron-deficient phytoplankton com-munity that cannot efficiently use the nitrate available (Price et al. 1994 ). Halpern and Feldman (1994) determined that the vertical flux of nitrate into the 90-m euphotic zone at O", 15O"W is -0.35 p,M d-l or nearly 40 times more than the nitrate uptake rate determined by Dugdale et al. (1992) . Nitrate residence times are on the order of 200+ d McCarthy et al. 1996) in this region. Thus, nitrate levels remain elevated in equatorial surface waters and advection of this nutrient occurs to the north and south of the equator. Toggweiler and Carson (1995) indicated that the nitrate is downwelled within 5" of the equator and recirculates back into the upwelling regime at 50-150-m depth. They also stated that this circulation occurs on time scales that are short, relative to biological uptake rates, such that nitrate levels will remain elevated and relatively uniform. Dissolved iron levels remain extremely low throughout this region, which allows the maintainence of the observed high nitrate levels. Chai et al. (1996) have indicated that nitrate levels would be reduced by at least half under iron-replete conditions. Other explanations that have been offered as to why nitrate is not completely consumed include its short residence time in the photic zone, grazing, preferential ammonium uptake, and inhibition of nitrate uptake by ammonium (Wheeler and Kokkinakis 1990; Cullen et al. 1992; Wilkerson and Dugdale 1992) . Although some or all of these factors may be quite important, the fact remains that the phytoplankton populations at O", 14O"W are clearly iron deficient and physiologically stressed (Greene et al. 1994; Zettler et al. 1996; Coale et al. 1996a ). There is simply not enough iron in the water column to support the efficient use of nitrate (Price et al. 1994 ).
Variability of iron input-Rates of equatorial upwelling can be variable in space and time and thus will lead to spatial and temporal variability in nutrient fluxes into the euphotic zone and consequently in primary production. These variations can occur on time scales ranging from days to years. Lien et al. (1995) documented the effects of a Kelvin wave at O", 14O"W in late 1991, which caused an increase in sea surface temperatures and a deepening of the thermocline. The Equatorial Undercurrent speed was reduced, which resulted in changes in mixing parameters. The 50-m upwelling velocity at the equator can change -12-fold in the course of a year from -0.4 to 6 m d-l with an average in the 1.3-1.7 m d-I range (Poulain 1993) . Halpern and Feldman (1994) indicated that variations in upwelling can occur annually and interannually. The onset of an ENS0 event in the eastern Pacific can also have a profound effect on upwelled iron. Halpern (1987) showed that during the 1982-1983 ENSO, the Equatorial Undercurrent completely disappeared and the thermocline was depressed 100 m. Deviations such as these from climatological mean conditions will obviously have a large effect on iron input into the euphotic zone.
Not only will the overall rate of upwelling affect the input of nutrients, but the depth from which the water is upwelled can have a great effect on the iron input. due to changes in the Equatorial Undercurrent and the depth of the thermocline. Toggweiler and Carson (1995) have indicated that nitrate (and presumably iron as well) upwells directly from the core of the Equatorial Undercurrent and that the shallow subsurface layers on either side of the equator contriblute almost nothing. Additionally, the concentration of iron in the upwelled water may also vary. A vertical profile showing the mean and standard deviation of the dissolved iron flux values that were obtained at the equator in this study (Fig. 9 ) indicate that such fluctuations can be expected to occur.
Integrated chlorophyll levels were 14% higher in the euphotic zone at the equator during EqPac Time Series II compared to the EqPac Time Series I cruise (Murray et al. 1994) . Additionally, the chlorophyll-specific rates of primary production were 25% higher during Time Series II compared to Time Series I (Murray et al. 1994) . During Time Series II the average wind speed was nearly twice that during Time Series I (Kessler and McPhaden 1995) , the surface temperature was more than three degrees lower, and nitrate concentrations were higher in the upper water column. The Equatorial Undercurrent was deeper and slower immediately preceding Time Series I compared to Time Series II (Murray et al. 1995) . Thus, upwelling seems to have been much stronger and shallower during the Time Series II compared to the Time Series I cruise, resulting in more iron supply to the photic zone and thus better phytoplankton growth. The stronger and shallower upwelling may have produced some of the variability in the Time Series II particulate iron levels that were generally higher than Time Series I above 125 m. An additional factor is the episodic nature of atmospheric dust input to the surface waters at the equator (Duce et al. 1983; Uematsu et al. 1985) . These three factors, the variable upwelling rate and depth, the changes in iron concentration at the base of the euphotic zone, and the episodic nature of dust events all lead to variability in new iron supply and thus to variability in new production. However, despite high rates of upwelling and consequent new nitrate supply to the photic zone on the equator, the system will still be limited by the low iron supply and will respond to external variations in that supply.
Our study demonstrates that the iron necessary for phytoplankton growth at the equator is overwhelmingly derived from the vertical advection of this essential nutrient. This conclusion should not necessarily be the case either north or south of the equator where vertical advection is minimal, absent, or negative. The relative unimportance of upwelled iron is especially true north of the equator where dust fluxes are much higher than in the southern hemisphere and therefore more important in providing input of iron to the euphotic zone (Duce and Tindale 199 1). New iron-based production with C : Fe ratios of lOO,OOO-500,000 : 1 results in values that are -lo-70% of total primary production, indicating the importance of recycled iron in this environment. The iron-based new production is estimated to range between 10 and 82 mmol C m-* d-l. The values at the low end of this range are similar to other estimates (Murray et al. 1989; Dugdale et al. 1992; Chai et al. 1996) . This finding further implicates iron as the controlling factor regulating new production in this region.
The persistence of unused nitrate in the euphotic zone (-3-12 r.l,M) at the equator, despite the large vertical advective flux, is evidence that phytoplankton growth is limited in some other manner than fixed nitrogen availability. Inputs of new iron can support only a fraction of the potential nitrate-based new production. There is insufficient flux of iron into the euphotic zone to allow the excess nitrate to be used by the phytoplankton. This conclusion is further supported by iron incubation experiments with natural populations of phytoplankton at O", 14O"W (Martin et al. 1991; Johnson et al. 1994; Fitzwater et al. 1996 ) that demonstrated iron limitation of growth and by the recently completed mesoscale open ocean experiments (Martin et al. 1994; Kolber et al. 1994; Coale et al. 1996b) . Because these equatorial waters are iron limited, new production will increase due to external inputs. Inputs may occur naturally from upwelling as well as episodically, such as the eruptions of Mt. Pinatubo in the Philippines and Manam Island in Papua New Guinea (McCormick et al. 1995; Barber et al. 1995) . This study implicates upwelled iron from the EUC waters as a chronic control on new production.
